The determination of a "folding core" can help to provide insight into the structure, flexibility, mobility and dynamics, and hence, ultimately, function of a protein -a central concern of structural biology. Changes in the folding core upon ligand binding are of particular interest because they may be relevant to drug-induced functional changes. Cyclophilin A is a multi-functional ligand-binding protein and a significant drug target. It acts principally as an enzyme during protein folding, but also as the primary binding partner for the immunosuppressant drug cyclosporin A (CsA). Here, we have used hydrogen-deuterium exchange (HDX) NMR spectroscopy to determine the folding core of the CypA-CsA complex. We also use the rapid computational tool of rigidity analysis, implemented in First, to determine a theoretical folding core of the complex. In addition we generate a theoretical folding core for the unbound protein and compare this with previously published HDX data. The First method gives a good prediction of the HDX folding core, but we find that it is not yet sufficiently sensitive to predict the effects of ligand binding on CypA.
INTRODUCTION
The protein folding problem has been a prevalent question during the past 50 years as the emerging protein structure crucially determines flexibility, mobility and, ultimately, function (1) . The two principal competing theories on how protein folding initiates are diffusioncollision (2) and nucleation-condensation (3) . Indeed, it may well be that both are valid depending on which protein is being investigated (4) . Intuitively, residues which "collapse early during folding" (5), might be particularly important to the overall folding process and are usually referred to as defining a folding core. However, this set of residues is difficult to ascertain precisely. One way of defining a folding core experimentally is through Φ-value analysis (6) . This approach focuses on the folding process by using point mutations to determine the impact of particular residues on the energy of the transition state in a one-step folding process. An alternative is to study the dynamics of the folded structure through hydrogen-deuterium exchange (HDX) NMR experiments. For the examples of barnase and chymotrypsin inhibitor 2, it has been shown that the two definitions are consistent in that slowly exchanging residues in HDX have high Φ-values (7) .
We have selected cyclophilin A (CypA), a multifunctional 18 kDa protein with 165 residues, as the basis protein for our study since it is large enough to exhibit complex folding behaviour while at the same time it is readily investigated by HDX. Furthermore, among the large class of ligand-binding proteins, it is known to bind strongly to the immunosuppressant drug cyclosporin A (CsA) (8) (9) (10) , with dissociation constant K D = 46 nM (11) . CypA acts as a peptidyl-prolyl cistrans isomerase in addition to performing other roles when binding to different molecules such as the HIV-1 capsid protein (12) (13) (14) . The structure of the CypA-CsA complex is shown in Figure 1 with the binding site residues highlighted (15) . Most commonly used to suppress organ rejection following a transplant, CsA has also been administered to treat ulcerative colitis, cardiac disease and a number of autoimmune diseases (17) (18) (19) . Heal It is the CypA-CsA complex which binds to and inhibits the T-cell activator calcineurin (CN) and thus has an immunosuppressant effect (20, 21) . Here, we experimentally study the HDX behaviour of unbound CypA and also its complex with CsA. Using these HDX data, we establish the resulting folding cores. Our results compare very well with previously published HDX data on unbound CypA (22) and also elucidate the effect of ligand binding in the CypA-CsA complex. NMR has been used to solve the structure of CypA (10) as well as the CypA-CsA complex (8, 9) . HDX experiments on unbound CypA have previously been conducted (22) but the CypA-CsA complex has not previously been studied in this way.
Establishing folding cores through Φ-value analysis or HDX provides valuable insight into protein folding and dynamics, but also involves extensive experimental work. For this reason, the prediction of HDX folding cores through rapid computational methods is of ongoing interest (4, (23) (24) (25) (26) (27) . One method for predicting HDX folding cores uses rigidity analysis and is implemented in the First software package (4, 23) . Having found the HDX folding core in our experiments, we next apply First to unbound CypA and to the CypA-CsA complex. We compare the resulting predicted folding cores with the HDX results.
MATERIALS AND METHODS

Protein expression and purification
A derivative of the pQE-70 plasmid encoding for human CypA was expressed in E. coli (JM109, New England BioLabs) grown at 37
• C in minimal medium containing 1 g/L ( 15 NH 4 ) 2 SO 4 (Cambridge Isotope Laboratories).
When the growth cultures reached an optical density of 0.5 at 600 nm, protein expression was induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). Cells were harvested after overnight growth during which selection pressure was maintained by adding 0.1 mg/mL ampicilin. Cell pellets were resuspended in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer at pH = 6.5 and then stored at −20
• C. Frozen cells were thawed, sonicated and then centrifuged, after which the resulting supernatant was loaded onto a 10 mL Source 30S column (from GE Healthcare) for cation exchange using 20 mM HEPES buffer at pH = 6.5 and a concentration gradient of 0 − 150 mM NaCl. Eluted fractions of CypA were dialysed overnight against 10 mM ammonium acetate buffer at pH = 6.5 before being concentrated and lyophilised. (28) . Data were acquired and processed using Topspin version 2.1 (Bruker) and analyzed using Sparky version 3.1 (29) .
NMR assignment and HDX experiments
protein crystal structure (30, 31) . The structure is considered as a molecular framework in which bond lengths and angles are considered fixed while dihedral angles are permitted to vary. Atomic degrees of freedom are then matched against bonding constraints (31) (32) (33) (34) (35) (36) (37) . Covalent bonds, polar interactions (including hydrogen bonds and salt bridges), and hydrophobic tethers can all be included as bonding constraints. The output of the algorithm is a division of the structure into rigid clusters and flexible regions, known as a rigid cluster decomposition (RCD). The RCD clearly depends on the constraints present in the bond network, the strength and location of which are determined solely from the geometry of the input structure. A systematic removal of hydrogen bonds in order from weakest to strongest leads to a loss in rigidity which we can relate to the unfolding of the protein (30) . This is referred to as a rigidity dilution (RD). The pattern of rigidity loss can be used to gain insight into structural and functional properties of the protein (30, 38, 39) . Indeed, RDs have previously been used to predict the HDX folding core for a number of proteins (4, 23) not including CypA.
The X-ray crystal structure 1CWA of the CypA-CsA complex was downloaded from the Protein Data Bank (PDB) (40) . Crystal water molecules were removed before the reduce software (41) was used to add the hydrogen atoms and to flip side chains of Asn, Gln and His residues where necessary. For simulations of the unbound protein, CsA was deleted from the structure manually using PyMOL (16), which was used for all molecular visualization. We note that the unbound structure for CypA is highly similar to the bound structure. Indeed, the backbone of 1CWA aligns with a different structure of the unbound protein (1W8V) with an RMSD of 0.26Å.
The strength of each hydrogen bond, measured in kcal/mol, was calculated as a function of the geometry of the donor, hydrogen and acceptor atoms using the highly distance-and angle-dependent Mayo potential (38, 42) . Only hydrogen bonds with a bond energy more negative than the energy cutoff parameter E cut are included in the network. During an RD, E cut is lowered causing some hydrogen bonds to be excluded from the network. Rigidity dilution involves systematically lowering E cut and re-evaluating the RCD. Rigidity analysis was conducted using First version 6.1 (43) .
RESULTS AND DISCUSSION
Characterization of CypA and sequential assignment Purified recombinant CypA was characterized using mass spectrometry and circular dichroism spectroscopy, confirming that the protein had the correct mass and secondary structure (Supporting Material). When CypA binds to CsA, the change in environment of the Trp121 residue results in enhanced fluorescence (with an excitation wavelength of 290 nm and a peak of emission at 340 nm) (44, 45) . We observed enhanced fluorescence during a titration of CsA into CypA, which plateaued at a 1:1 concentration ratio (Supporting Material). This confirmed ligand binding.
Employing 3D TOCSY-and NOESY-HSQC data, and with the aid of previously published assignments for the CypA-CsA complex under different conditions (8, 10), we have assigned 147 of the 159 non-proline residues of the protein in its unbound state as well as in complex with CsA.
The unassigned residues include residues 1 -4, which make up the flexible N-terminus. In Figure 2 , we show the assigned HSQC spectrum for the CypA-CsA complex. Full lists of backbone N-H assignments for this spectrum and for the unbound protein can be found in the Supporting Material.
The HDX folding cores Figure 3 shows the HSQC spectrum of the CypA-CsA complex alongside spectra recorded 10, 110 and 4270 minutes (71 hours and 10 minutes) after initiating HDX. We define the set of residues for which a corresponding backbone amide signal remains in the HSQC spectrum after 110 minutes to be the experimentally determined HDX folding core of the complex. These residues are listed in Table 1 and also indicated in Figure 4 (a) and (b).
The published HDX experiments on unbound CypA resulted in a classification of CypA residues in terms of their exchange rates, k ex (22) . Twelve residues, including the proline residues, were not categorized since they were not identified in the HSQC spectrum. We also carried out HDX experiments on the unbound protein, and our data, shown in the Supporting Material, were in agreement with the previously published result (22) .
Here we have drawn on the exchange rates determined in (22) and defined the residues with k ex < 10 −2 min −1 as the folding core of the unbound protein, a definition congruent with that applied to our dataset for the CypA-CsA complex (see above). According to this approach, the HDX folding core for unbound CypA has 73 residues.
We find that the HDX folding core does not change dramatically upon ligand binding. Its size increases from 73 to 80 residues. This is due to the ten residues, highlighted in Table 1 , which are slowly exchanging in the presence of the CsA ligand but not part of the HDX folding core for unbound CypA. However, there are also three assigned residues -G18, A101 and I158 -which are part of the 'unbound' folding core of (22) 
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That they vanish earlier than expected from the HDX experiments on the unbound protein may be due to the inherent low signal intensity in these experiments.
The First folding cores
We then simulated RDs by systematically lowering E cut , i.e. removing the hydrogen bonds in order of strength from weakest to strongest (38) . We used First to generate an RCD each time a hydrogen bond was removed. In a 1D representation of an RCD, each residue in the primary structure is labelled as being rigid or flexible depending on the rigidity of its C α atom. We show rigid residues as blocks which are colored according to their rigid cluster membership. We visualize the pattern of rigidity loss during RDs by plotting the 1D representation of the RCD each time this changes. Such plots for the CypA-CsA complex and the unbound CypA are given in Figure 5 . When |E cut | is small, the protein is largely rigid and many of the residues are represented as blocks. As E cut becomes more negative, i.e. as stronger bonds are excluded from the bond network, more residues become flexible. In both of the RD plots there is a clear and abrupt transition from the largely rigid state to the largely flexible state, consistent with the first-order rigidity loss expected for a predominantly β-sheet protein (38) . The lowest line in the RD plot where at least three residues of two or more secondary structures (as determined using the DSSP algorithm (46)) are part of the same rigid cluster determines the First folding core (4, 23, 47, 48) . We refer to the E cut corresponding to this line as the folding core energy, E fc . For unbound CypA, E fc = −1.263 kcal/mol and for the CypA-CsA complex, E fc = −1.452 kcal/mol. That the CypA-CsA complex has a lower E fc suggests that ligand binding confers stability on the complex, as more bonds need to be broken in order to render the protein mostly flexible (48) . The residues that are mutually rigid in the RCD evaluated at E fc , colored red in Figure 5 , form the First folding core. In both cases, the First folding cores largely overlap with the HDX folding cores. The small changes which do occur upon ligand binding in the HDX folding cores are not very well captured in the two First folding cores. Rather, these differ only between residues 133 and 155, whereas the HDX folding cores remain largely unaffected in this region. Notably, the First folding core for the CypA-CsA complex is smaller than for the unbound protein. This contrasts with our expectation and experimental finding as given above, where we show that the HDX folding core increases in size upon ligand binding. This highlights a problem with a theoretical method that only uses First. Ligand binding to the surface of CypA causes the binding site residues to become buried where before they were exposed, which may affect their HDX exchange rates. This effect is not modelled in First, where we merely consider the hydrogen bond network of the initial, static crystal structure. In Figure 6 the HDX and First folding cores are shown superimposed onto the structure 1CWA before and after the removal of the ligand. We see that despite the issues addressed above, theoretically and experimentally determined folding cores agree reasonably well for most of the residues. The helix in the foreground of each image shows a marked difference when the ligand is removed, caused by the difference in 
CONCLUSION
The experimental HDX folding core for the CypA-CsA complex is highly similar to the folding core for the unbound protein, albeit with a small number of additional residues. This small change is consistent with previous observations of only subtle conformational change in CypA upon ligand binding (10, 49) . The First folding cores differ more substantially. Ligand binding confers rigidity upon the structure but alters the pattern of rigidity loss so that the First folding core in fact decreases in size. In both cases, the First folding core is a reasonable match for the HDX folding core, in agreement with previous folding core predictions using First (4). The First folding core is defined by the RCD at E fc , a value which decreases upon ligand binding. This means that when the folding cores are compared for the protein before and after ligand removal, we are comparing RCDs at different E cut . As a result there may be more constraints present in the unbound protein E cut than for the complex, resulting in the unlikely prediction of a larger folding core in the absence of a ligand.
First is a rapid tool to implement and this study complements previous studies which demonstrate its utility for folding core prediction (4, 23, 47, 48) . Nevertheless, our work also shows that the First-based folding core predictions are not yet accurate or sensitive enough to capture the impact of ligand binding for CypA. For the purpose of predicting subtle effects of ligand binding, just analyzing patterns of rigidity as done through First appears insufficient. The trade-off between, on one hand, rapid computation as achieved with First and, on the other hand, the necessary accuracy of folding core prediction needs to be more finely balanced. In the related Ref. (50), we show that when taking into account not only the rigidity of a protein, but also its propensity for motion, improved theoretical predictions for folding cores can be made with greater sensitivity and specificity. To estimate the secondary structure composition for purified CypA in order to verify that it was correctly folded, the far-UV CD spectrum of CypA was measured at 25
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• C using a Jasco J-815 CD spectropolarimeter. The resulting spectrum is shown in Figure S1 . CD spectra were recorded for protein samples of 0.1 mg/mL in 5 mM sodium phosphate, pH 7.3 unless otherwise stated. Small volumes of concentrated purified protein were diluted in sodium phosphate buffer and the resulting concentration confirmed by measuring A 280 . Data points were collected during far-UV scans between 180 nm and 260 nm at 1 nm intervals. A baseline spectrum was recorded in the same way for a sample containing buffer only. To generate Figure S1 , 16 scans were collected at 100 nm/min in continuous scanning mode, and the average CD signal minus the average baseline signal was plotted. We show the data collected between 190 nm and 240 nm at 1 nm intervals. The data was analysed with Dichroweb, using the reference database SP175 to calculate the proportional secondary structure composition of CypA. Our protein sample was determined to be 18 % helix and 33 % sheet. We compared this with the results of the DSSP algorithm applied to five X-ray crystal structures in the PDB. The average composition of these structures was 13 % α-helix and 32 % β-sheet.
Fluorescence
When CsA binds to CypA, Trp121 becomes shielded from the solvent and its fluorescence increases as a result (11, 44) . CsA was titrated into a solution of CypA and fluorescence spectroscopy was used to monitor the change in tryptophan fluorescence. The experiment was conducted using a Photon Technology International fluorimeter. A stock solution of CypA (65 µM) was diluted 1 mL in 50 mM TRIS buffer at pH 7.3 so that the final CypA concentration was 4.5 µM. CsA was stored in ethanol at a concentration of 1.0 mM. A stock solution of 0.1 mM CsA for the titration was made by diluting this ten-fold in TRIS buffer. Each titre consisted of 10 µL of CsA stock, and so increased the total concentration of CsA in the fluorescence sample by approximately 1 µM. After each increment in [CsA] the sample was mixed using a pipette. The emission spectra were recorded at 1 nm intervals between 300 nm and 400 nm, using an excitation wavelength of 290 nm. The average fluorescence emission of three scans was recorded for each wavelength, using a slit width of 2 nm. Two baselines were recorded, for samples containing TRIS buffer only and 5 µM CsA in TRIS buffer. There was no significant difference between the baselines (data not shown). Baseline adjusted fluorescence emission spectra for CypA with various concentrations of CsA are shown in Figure S2 
HDX results for unbound CypA
For unbound CypA, we increased the number of scans recorded for each spectrum from 4 to 16 in response to a lower yield in order to maximise the signal to noise ratio. The earliest usable HSQC spectrum was completed 53 minutes after adding D 2 O to the protein sample, and the subsequent spectra were therefore recorded less frequently than with the CypA-CsA experiments. Figure S3 shows the full HSQC spectrum, along with spectra taken at different time intervals following the initiation of HDX. Spectrum numbers 1, 4 and 22 are shown, recorded after 53, 113 and 4349 minutes respectively. Table S1 gives the chemical shift assignments for each residue of unbound protein as well as the CypA-CsA complex. 
N-H assignment tables
